Developmental dyslexia is a neurobiologically based disorder that affects Ϸ5-17% of school children and is characterized by a severe impairment in reading skill acquisition. For readers of alphabetic (e.g., English) languages, recent neuroimaging studies have demonstrated that dyslexia is associated with weak reading-related activity in left temporoparietal and occipitotemporal regions, and this activity difference may reflect reductions in gray matter volume in these areas. Here, we find different structural and functional abnormalities in dyslexic readers of Chinese, a nonalphabetic language. Compared with normally developing controls, children with impaired reading in logographic Chinese exhibited reduced gray matter volume in a left middle frontal gyrus region previously shown to be important for Chinese reading and writing. Using functional MRI to study language-related activation of cortical regions in dyslexics, we found reduced activation in this same left middle frontal gyrus region in Chinese dyslexics versus controls, and there was a significant correlation between gray matter volume and activation in the language task in this same area. By contrast, Chinese dyslexics did not show functional or structural (i.e., volumetric gray matter) differences from normal subjects in the more posterior brain systems that have been shown to be abnormal in alphabetic-language dyslexics. The results suggest that the structural and functional basis for dyslexia varies between alphabetic and nonalphabetic languages.
D evelopmental dyslexia is characterized by unexpectedly low reading ability in people who have adequate intelligence, typical schooling, and sufficient sociocultural opportunities (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Early investigations of postmortem dyslexic brains revealed structural abnormalities in both cortical and subcortical areas (11, 12) . Recent neuroimaging studies examining structurefunction relationships with alphabetic languages have further identified several brain regions with atypical function and anomalous structure in dyslexia, including left temporoparietal areas, which are thought to be involved in letter-to-sound conversions in reading (1) (2) (3) (4) (5) (6) (7) (8) (13) (14) (15) (16) (17) (18) , the left middle-superior temporal cortex, which is thought to be involved in speech sound analysis (17) (18) (19) (20) (21) (22) , and the left inferior temporo-occipital gyrus, which may function as a quick word form recognition system (18, 20, (22) (23) (24) (25) (26) (27) . Together, these findings support a prominent neurophysiological model of reading skill acquisition and its disorders according to which dyslexia is associated with atypical structural and functional development of posterior brain systems (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) .
The neural circuits involved in reading and reading disorders may vary across languages, because of differences in how a writing system links print to spoken language (4-7, [28] [29] [30] . For example, in logographic Chinese, graphic forms (characters) are mapped to syllables, which differs markedly from an alphabetic system (e.g., English) in which graphic units (letters) are mapped to phonemes. These differences can lead to differences in how reading is supported in the brain. Readers of Chinese show relatively more engagement of visuospatial areas and left middle frontal regions for verbal working memory, presumably for recognizing complex, square-shaped characters whose pronunciations must be memorized by rote instead of being learned by using letter-to-sound conversion rules (31) (32) (33) (34) (35) . In an fMRI study, we previously showed that, unlike impaired reading in English and other Western languages, impaired reading in logographic Chinese is associated with functional disruption of processes localized to the left middle frontal gyrus (28) . Although Chinese dyslexia is manifested by a phonological deficit (i.e., graphic form to sound conversion), which is similar to dyslexia in alphabetic languages (29) , cortical regions mediating this deficit in Chinese and alphabetic languages are spatially separated. Therefore, the neural mechanisms underlying impaired reading may depend on the writing system used.
With fMRI alone, however, it is difficult to know whether activation differences found in a behavioral task are a cause or effect of a brain disorder, such as dyslexia. We hypothesized that there may be a different structural basis for reading impairment in Chinese dyslexics that differs from that found in Western language readers.
To determine brain structure differences indexed by gray matter volume between Chinese dyslexic and control groups, we used an established whole-brain assessment technique, voxelbased morphometry (VBM) (1) to analyze the high-resolution 3D anatomical images acquired with MRIs from 16 Chinese dyslexic subjects and 16 age-matched normal controls (average age 11; Table 1 ). In addition, a functional MRI (fMRI) experiment was conducted, in which a subset of 12 of the 16 dyslexics and 12 of the 16 control subjects (average age 11) who were available for the additional fMRI scan were asked to decide whether two characters viewed simultaneously rhymed with each other. The rhyme judgment task involves phonological processing, allowing us to make a close comparison between the present findings with those from recent neuroimaging experiments using the similar task to study dyslexia in English readers (1, 14, 23) .
Results
Atypical Brain Structure in Chinese Dyslexia. The VBM analysis showed that, while there was no significant difference in total gray matter volume between the two groups [t(30) ϭ 1.52, P ϭ 0.14], regional gray matter volume in the left middle frontal gyrus was significantly smaller in dyslexic readers than in normal subjects [Brodmann area (BA) 9; x ϭ Ϫ32, y ϭ 31, z ϭ 28; Z-score ϭ 5.61; P Ͻ 0.05 corrected for multiple comparisons using the family-wise error (FWE) , correction for the whole brain] ( Fig. 1 a, b, and d) . No other brain regions survived this statistical level, although at a less stringent uncorrected statistical threshold of P Ͻ 0.001 reduced gray matter volume was seen in the dyslexics' left middle frontal gyrus (BA 9; x ϭ Ϫ32, y ϭ 31, z ϭ 28; Z-score ϭ 5.61), left anterior temporal gyrus (BA 38/21; x ϭ Ϫ55, y ϭ 4, z ϭ Ϫ16; Z-score ϭ 3.61), and left Sylvian fissure (x ϭ Ϫ33, y ϭ 18, z ϭ 10; Z-score ϭ 3.28) ( Fig. 1c ).
To better characterize the relationship between individual variability in brain structure and reading performance, we performed correlation analyses on the entire sample of subjects and for each group. A region of interest (ROI) was defined in the left middle frontal region where dyslexic children showed decreased gray matter volume thresholded at P Ͻ 0.05 FWEcorrected (we label this the VBM ROI). We found that mean gray-matter volume in this left middle frontal ROI was strongly correlated with individual scores on reading achievement for the entire group of 32 participants (r ϭ 0.85, P Ͻ 0.0005). In addition, a significant correlation between reading scores and gray matter volume within the VBM ROI was observed in the control group (r ϭ 0.697, P Ͻ 0.001, one-tailed), and there was a trend toward a significant correlation in the dyslexic group (r ϭ 0.326, P ϭ 0.109, one-tailed), suggesting that the structurebehavior relationship appears to encompass both normal and dyslexic readers rather than resulting only from the difference between the two groups.
Because the left posterior temporoparietal region, the left middle temporal gyrus, and the left inferior occipito-temporal cortex have been repeatedly demonstrated to have an altered gray matter volume in dyslexia in readers of alphabetic languages (1, 18, 20, 21, 25, 26) , we conducted further ROI-based analyses to examine whether there are regional differences in gray matter volume between normal and dyslexic Chinese readers. Based on the findings of the current study and those of previous investigations, we defined three spherical ROIs (10-mm radius), centered according to Talairach coordinates at x ϭ Ϫ58, y ϭ Ϫ47, z ϭ 45 for the left posterior temporoparietal region (1), x ϭ Ϫ56, y ϭ Ϫ51, z ϭ 2 for the middle temporal gyrus (26) , and x ϭ Ϫ30, y ϭ Ϫ56, z ϭ Ϫ2 for the inferior occipito-temporal cortex (25) . We found no statistically significant between-group differences in gray matter volume in any of these regions ( Fig. 1 e- 
g).
Correlations between individual reading scores and mean gray matter volume in each of these ROIs were, respectively, 0.055 (P ϭ 0.766), 0.277 (P ϭ 0.125), and 0.126 (P ϭ 0.491), none of which approached statistical significance.
Behavioral Results of the fMRI Experiment. Subjects' behavioral performance indicated that normal readers performed significantly better than dyslexic readers both in rhyme decisions and font-size judgments (Table 1) , reflecting a phonological deficit and a visuospatial deficit (indexed by font-size judgments). However, there was no significant interaction between reading group (normal vs. dyslexic) and task (rhyme vs. font), F(1,22) ϭ 0.816 and P ϭ 0.316 for reaction times, and F (1, 22) ϭ 0.266 and P ϭ 0.611 for response accuracy, suggesting that the neuroimaging results from comparisons of rhyme and control conditions in the two groups were not caused by performance differences or task difficulty.
Brain Structure-Function Correlation. In examining the relationship between regional gray matter volume and reading task-related activity in dyslexic and normal readers, we first computed a functional map associated with rhyme decision. Contrasted with a comparison task involving font size decision, rhyme judgment activated several regions, including bilateral middle-inferior frontal gyrus and left precentral cortex for normal subjects. Dyslexic readers exhibited activations in left middle-superior frontal and precentral regions, bilateral visual cortex, and the putamen (see Fig. 2 and Table 2 ). Direct comparisons of blood oxygen-level-dependent (BOLD) contrast activity between the two groups revealed stronger activations for normal controls than dyslexic readers in bilateral middle frontal gyrus, inferior prefrontal cortex, precentral cortex, left insula, cingulate, putamen, and cerebellum. Normal readers also showed significant activity in left inferior parietal lobule in the rhyming task versus the control task, whereas dyslexics did not (Fig. 2) . However, the between-group comparison did not reveal these differences to be statistically reliable (␤ values were Ϫ0.12 for font-size decisions and 0.09 for rhyme decisions for normal readers and Ϫ0.14 for font-size decisions and Ϫ0.11 for rhyme decisions for dyslexics). The failure to detect a significant difference in rhyming task-related activity in these more posterior brain systems between the dyslexia and control groups is consistent with the results of previous Chinese dyslexia studies (28) but differs from findings in English dyslexics (1, 2, 6, (13) (14) (15) (16) (17) (18) .
Next, we performed correlation analyses between rhyme task-related activity and gray matter volume within the left middle frontal region in the 24 children who participated in both the structural and the functional studies ( Fig. 3 ). We selected a functional ROI in the left middle frontal region centered on the region in which dyslexic subjects exhibited significantly less activation than normal readers during rhyme judgment. There was a significant correlation between brain activity level of this ROI and reading performances for the 24 subjects (r ϭ 0.43, P Ͻ 0.037). Importantly, we followed an established procedure (1) and extracted mean contrast estimates (linear combination of ␤ estimates) from this functional ROI for each individual's rhyme Ͼ font size contrast images, and mean gray matter volume from the VBM ROI in the left middle frontal region. Remarkably, a significant correlation was obtained between these two measures (r ϭ 0.48, P Ͻ 0.02) for the 24 subjects, that is, children with less gray matter in the left middle frontal region tended to show a smaller functional activation difference across the rhyming and control tasks. The significant correlation between brain activation level within the ROI and reading scores or between brain activation level and gray matter volume mainly reflected group difference because there was no significant correlation for each group on its own (P Ͼ 0.105). The nonreliable correlations within groups may be caused by limited power.
Discussion
Our present study has demonstrated atypical development of gray matter in the left middle frontal gyrus in dyslexic Chinese readers in comparison with normal controls. This finding presents a sharp contrast to the atypical patterns of regional gray matter in posterior brain systems previously observed in dyslexic readers of alphabetic languages (1, 18, 20, 21, 25, 26) . A direct correlation of the gray matter volume and the reading taskrelated activity level in the left middle frontal region suggests that this structural variation contributes to regional brain dysfunctions associated with dyslexia. Activation differences between Chinese dyslexics and normal subjects were seen in several brain areas (Fig. 2) ; nonetheless, only the left middle frontal gyrus showed both functional and morphological anomalies. Regions exhibiting functional, but not anatomical, irregularities may be recruited to support compensatory reading strategies that might be expected to differ between dyslexic and normally developing readers (1) . Because there are different gender proportions in the two groups in this study, future research will be needed to investigate whether there are sex differences in the structural-functional basis for reading in normal and dyslexic groups.
The left middle frontal gyrus may play a particularly important role in Chinese reading and reading acquisition because of the arbitrary association between Chinese character forms and their pronunciation. This association must be learned by rote memorization of Chinese characters, demanding an intensive coordination of various kinds of linguistic information contained in written Chinese (28, (30) (31) (32) (33) (34) (35) . The left middle frontal gyrus is thought to be involved in the allocation and coordination of cognitive resources in working memory (36, 37) and may therefore be recruited to serve this function (34, 35, 38) . Strategies that school children adopt in learning to read may also help tune the underlying neural circuits (39, 40) . In primary school, Chinese children spend a great amount of time repeatedly copying newly learned characters, which may lead to a close association between reading performance and children's handwriting skills, which are mediated by the left middle frontal region just anterior to the primary motor cortex governing motor functions.
This study has provided insights into our knowledge of associations between structural and functional abnormalities in dyslexic individuals that may yield neurobiological clues to the cause of developmental dyslexia. The fact that Chinese and Western dyslexics show structural abnormalities in different brain regions suggests that dyslexia may even be two different brain disorders in the two cultures.
Methods
Subjects. Thirty-two children participated in a structural MRI experiment, 16 dyslexics (8 boys and 8 girls; mean age ϭ 11 years, 0 months, range 10 years, 2 months to 11 years, 6 months), and 16 typically developing age-matched controls (13 boys and 3 girls; mean age ϭ 11 years, 0 month, range from 9 years, 11 months to 12 years, 4 months). The participants were fourth-or fifthgraders from two Beijing primary schools and were physically healthy and had no history of neurological disease, head injury, or psychiatric disorder. Because there is no standardized reading ability test in Chinese, the classification of children's reading performance was based primarily on their school performance in the Chinese language course and their teacher's evaluation. Children defined as dyslexic had reading scores in the school below the fifth percentile among all children in the same grade assessed by their language examinations (n Ͼ 800). Children defined as normal readers had reading scores above the 60th percentile. To more quantitatively measure reading ability, a commonly used type of reading test (41) comprising 120 Chinese characters was administered to 800 children in grades 4 and 5 of the two schools. The mean reading scores were 43 (SD ϭ 3) for dyslexics and 91 (SD ϭ 3) for the normal subjects (t ϭ 42.77, P Ͻ 0.001). All subjects had normal nonverbal Raven IQ above the 75th percentile (average 89th and 83rd percentile for normal readers and dyslexics), and none of them met diagnostic criteria for attention-deficit hyperactivity disorder.
All subjects were native speakers of Putonghua, the official dialect of Mainland China and the language of instruction in school. They were strongly right-handed as judged by the handedness inventory (42) . Informed consent was obtained from each subject and their parents before testing.
Twenty-four children from the above two groups, 12 dyslexics (5 boys and 7 girls, mean age ϭ 10 years, 11 months) and 12 typically developing controls (10 boys and 2 girls, mean age ϭ 11 years, 0 month), were available for participating in a fMRI experiment using rhyme judgment as an experimental task and font-size decision as a baseline in a blocked design.
Design and Materials.
The fMRI experiment used a phonological processing task, i.e., character rhyme judgment. A blocked design was used, where three blocks of rhyme judgments were alternated with three blocks of font size judgments, which served as the baseline. Each block consisted of a 2-s instruction and 12 trials. In each trial, a pair of characters was synchronously exposed for 2,000 ms, one above and one below a fixation cross-hair, followed by a 1,000-ms blank interval. All Chinese characters used in the experiment were commonly encountered and selected from Chinese language textbooks of primary school grades 1-3. The visual complexity of the characters was matched across all conditions. Subjects indicated a positive response by pressing the key corresponding to the index finger of their right (dominant) hand and a negative response by pressing the key corresponding to the index finger of their left (nondominant) hand. They were asked to perform the tasks as quickly and accurately as possible.
MRI Acquisition. MRI scans were performed on a 2-T GE/Elscint Prestige MRI scanner at Beijing 306 Hospital. Visual stimuli were presented to the subjects through a projector onto a translucent screen. Subjects viewed the stimuli through a mirror attached to the head coil. A T 2*-weighted gradient-echo echo planar imaging (EPI) sequence was used for fMRI scans, with the slice thickness ϭ 6 mm, in-plane resolution ϭ 2.9 mm x 2.9 mm, and repetition time (TR)/echo delay time (TE)/flip angle ϭ 2000 ms/ 45 ms/ 90°. Eighteen contiguous axial slices were acquired parallel to the AC-PC line covering the whole brain. High-resolution anatomical images were acquired by using a T 1weighted, 3D gradient-echo sequence, with the slice thickness ϭ 2 mm, in-plane resolution ϭ 1 mm ϫ 1 mm, TR/TE/flip angle ϭ 25 ms/ 6 ms/ 28°. London) using Matlab 6.5.1 (Mathworks). The first four volumes of each subject's data set were discarded to allow for T1 equilibration, and the remaining 187 volumes were realigned to the first volume. They were then normalized to the EPI template in SPM2, based on the Montreal Neurological Institute (MNI) stereotactic space, and then resampled into 2 ϫ 2 ϫ 2-mm cubic voxels. The images were spatially smoothed with an isotropic Gaussian kernel [10-mm full width at half-maximum (FWHM)]. Individual activation maps were generated by using the general linear model in which time series were convolved with the canonical hemodynamic response function. The data were globally scaled and high-pass-filtered at 128 s. The contrast images between task and baseline conditions from each subject were taken into a second-level random-effects model for group analysis. For each group, wholebrain activation was computed for rhyme Ͼ font size by using a one-sample t test (P ϭ 0.001 uncorrected; extent threshold ϭ 10). To evaluate significant difference in brain activation between normal and dyslexic children, a twosample t test was performed (P ϭ 0.005 uncorrected; extent threshold ϭ 10).
VBM Analysis.
Optimized VBM analysis (43) was performed by using the VBM toolbox by Christian Gaser (http://dbm.neuro.uni-jena.de/vbm/vbm2-for-spm2). A customized template and prior images of gray and white matter and cerebrospinal fluid (CSF) were first created from T1-weighted images of all subjects, which were normalized to the SPM T1 template with a 12-parameter affine linear transformation and nonlinear normalization with 7 ϫ 8 ϫ 7 basis function, and were smoothed with FWHM of 8 mm for use with the subsequent segmentation procedures. The raw structural images were then segmented into gray matter, white matter, and CSF partitions. Gray matter partitions were spatially normalized linearly and nonlinearly by using customized gray matter template previously generated. Images were modulated by multiplying the voxel values by the Jacobian deformation parameters defined during normalization to preserve the total amount of original gray matter before normalization (44) . The modulated images were smoothed with a 12-mm FWHM isotropic Gaussian kernel. We also created another set of normalized images by using the SPM adult T1 templates with the same segmentation, modulation, and smoothing procedures. We performed analyses with both a customized template and the SPM template and obtained similar results.
To serve the purposes of direct comparisons between the fMRI and VBM data, we report the results from images that were normalized by using the SPM template.
For the statistical analysis, regional differences in gray matter volume between groups were tested with a one-way analysis of covariance using total gray matter volume as a covariate of no interest. Height threshold was set at P ϭ 0.05 corrected for multiple comparisons by using the FWE correction for the whole brain and an extent threshold of 50 contiguous voxels. Brain regions were estimated from Talairach and Tournoux (45) , after adjustments for differences between MNI and Talairach coordinates.
To examine the relationship between individual variability in brain structure and reading performance, mean gray matter volume measure in the left middle frontal region that exhibited decreased gray matter volume in dyslexics at P Ͻ 0.05 FWE-corrected (labeled as the VBM ROI) was extracted and subject to correlation with individual's reading score. To measure differences in gray matter volume between the two groups in regions that have been reported to have decreased gray matter volume in dyslexics in alphabetic languages, three sphere ROIs (10-mm radius) were defined, one centered at x ϭ Ϫ58, y ϭ Ϫ47, z ϭ 45 within the left posterior temporoparietal region (1), one at x ϭ Ϫ56, y ϭ Ϫ51, z ϭ 2 within the left middle temporal region (26) , and the other at x ϭ Ϫ30, y ϭ Ϫ56, z ϭ Ϫ2 within the left inferior occipito-temporal cortex region (25) . Two-sample t tests were conducted to determine group differences in gray matter volume in these regions.
In determining the relationship between brain activation and regional gray matter volume, we performed a correlation analysis between BOLD-contrast activity and gray matter volume in the left middle frontal cortex in the 24 children who participated in both the structural and functional study. A functional ROI in the left middle frontal region was defined in which dyslexic readers exhibited significantly less activation than normal readers during rhyme judgment at P Ͻ 0.005 uncorrected. Following an established procedure (1), mean contrast estimates (linear combination of ␤ estimates) from this functional ROI were extracted for each individual's rhyme Ͼ font size contrast images (at P Ͻ 0.005 uncorrected) and subject to correlation analysis with gray matter volume measures extracted from the VBM ROI in the left middle frontal cortex.
